Background: Commensal flora are involved in the appropriate development of the mature immune system. However, it is unclear how commensal flora contribute to immune responses against periodontal pathogens, including the response to lipopolysaccharide (LPS). The purpose of this study was to evaluate the expression of immune responses after topical application of LPS in germ-free (GF) and specificpathogen-free (SPF) mice.
Further, commensal flora have evolved defense mechanisms that directly inhibit the ability of pathogens to survive. 12 Like the intestinal system, the gingival sulcus is constantly exposed to commensal flora. 13 Microbial stimulation by commensal flora plays a crucial role in the development of an appropriate immune system in periodontal tissues, including the junctional epithelium (JE) and connective tissues subjacent to the JE. 14 A previous study demonstrated that the area of the JE in specific-pathogen-free (SPF) mice was significantly greater than that in germ-free (GF) mice. 15 Further, commensal flora stimulate the innate defense system of the periodontium, upregulating not only the number of neutrophils but also the expression of fibroblast growth factor receptor-1 and matrix metalloproteinases-1 and 8 in the JE, while also yielding decreased collagen density in periodontal connective tissue (PCT). 15 The degradation of PCT may allow the host to homeostatically regulate the inflammatory response of healthy periodontal tissue in response to immune surveillance of commensal flora colonization. However, it is still unclear how commensal flora contribute to periodontal immune responses against periodontal pathogens, including the response to lipopolysaccharide (LPS).
Periodontal immune response is mediated by many cells that express pattern recognition receptors (PRRs), a class of proteins that includes the Toll-like receptors (TLRs) (TLR2 and TLR4). Both of these TLRs are activated by LPS of the periodontal pathogen Porphyromonas gingivalis (P. gingivalis), and the activated TLRs play crucial roles in innate immunity. Acting primarily via the activation of TLR4, LPS can modulate the release of inflammatory cytokines, such as tumor necrosis factor (TNF)-and interleukin (IL)-17A, and of anti-inflammatory cytokines, such as IL-10; the expression of the IL-10-encoding gene is regulated by forkhead box protein p3 (Foxp3), a transcription factor known to be involved in regulatory T-cell development. 16 On the other hand, two major ligands for chemokine (C-X-C motif) receptor 2 (CXCR2), ligand 1 (CXCL1) and ligand 2 (CXCL2), have been shown to induce the migration of neutrophils 17 ; expression of the genes encoding both of these ligands is known to be induced by LPS. 18 Further, T lymphocytes are important factors in the periodontal immune response. The major class of T cells is defined by the surface expression of the T-cell receptor. This receptor has evolved primarily to recognize peptide antigens presented in a complex with class I or class II MHC proteins. -T cells differentiate into several different subsets, some (CD8 + T cells) that act primarily to kill cells infected with intracellular microbes, and others (CD4 + T cells) that act primarily to regulate cellular and humoral immune responses. 19 In the present study, we hypothesized that periodontal immune responses to LPS might vary according to commensal flora. It is well accepted that comparisons of GF and SPF animals are useful for detecting the effects of commensal flora on host immune responses. The purpose of this study was to evaluate the expression of immune responses in GF and SPF mice after topical application of LPS.
MATERIALS AND METHODS

Mice
Animal experiments were performed at the Central Institute of Experimental Animals (CIEA, Kanagawa, Japan). SPF and GF IQI/Jic mice were housed in Trexler-type flexible film isolators in a standard germ-free state and were screened on a weekly basis for germ-free status by sterile feces sampling and culturing on de Man, Rogosa, and Sharpe agar plates under aerobic and anaerobic conditions. Mice were housed in an airconditioned room temperature (24 ± 1 • C) with a controlled light and dark cycle (lights on between 6:30 am and 7:00 pm). Sterile food and water were available ad libitum. For the purposes of the present study, SPF mice were considered normal mice; these animals were confirmed, by testing, to be free of select pathogens that could be detrimental to a mouse colony. In our preliminary study, we confirmed that both the SPF and GF mice raised in this facility have clinically healthy periodontal tissue and normal oral microbiomes. The rearing of the mice and the animal experiments were conducted according to the institution's rules following approval of the protocol by the Animal Experiment Committee of the Central Institute for Experimental Animals in Japan.
Experimental design
GF and SPF mice at 8 weeks of age were randomly divided into the following four groups: a baseline group (n = 4/group) and three experimental groups (n = 6/group) that were examined at 3, 24, or 72 hours after P. gingivalis LPS application. LPS (Lipopolysaccharide, from P. gingivalis ATCC33277 by ultracentrifugation, purity 87.8%) (Wako Pure Chemical Industries, Osaka, Japan) was purchased. The experimental groups received topical application of LPS (10 g/ L of LPS in physiologic saline) into the palatal gingival sulcus of the first maxillary molar under no anesthesia, administered as two applications of 5 L each, delivered by a micropipette (0.5 to 10 L). 20, 21 In a preliminary study (data not shown), we confirmed that even when physiologic saline was applied into the palatal gingival sulcus of SPF mice, there was no immune response in periodontal tissue. After the indicated experimental interval, the animals were sacrificed under general anesthesia.
Sampling
For histologic analysis, the right maxillary regions were resected en bloc from each mouse and fixed in 4% paraformaldehyde in 0.1% mol/L phosphate buffer (pH 7.4) for 1 day. Junctional epithelium, sulcular epithelium, and connective tissue of the left maxillary molar regions were homogenized in a frozen cell crusher (Microtec Co., Chiba, Japan) and were used for real-time polymerase chain reaction (PCR). Blood samples were collected from the abdominal vena cava, and leukocytes were isolated from the blood.
Flow cytometer analysis
Peripheral blood was collected into sterile tubes and incubated with fluorescein isothiocyanate (FITC) -conjugated anti-mouse-CD4 antibody and Alexa Fluor 647-conjugated anti-mouse-CD8a antibody for 30 minutes after the lysis of dark red blood cells using a lysing buffer (BD Pharm Lyse TM Lysing Buffer, BD Biosciences, Franklin Lakes, NJ). Dead cells were excluded by use of 7-AAD (BD Pharmigen TM 7-AAD, BD Biosciences, Franklin Lakes, NJ). Data acquisition and analysis were performed using multicolor flow cytometry with AccuriC6 (AccuriC6, BD Biosciences, Franklin Lakes, NJ). After gating on the lymphocyte region, the results were expressed as percentages of CD4 + T cells and CD8 + T cells using blood lymphocytes as the denominator, and as ratios of CD4 + T cells to CD8 + T cells.
RNA preparation and real-time quantitative PCR
The total RNA was extracted from the gingival area around the left maxillary first molar using Trizol Reagent (Thermo Fisher Scientific Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. To ensure a sufficient amount of RNA, the samples from two mice in three experimental groups were pooled; such that the number of RNA samples was 3/group. In the baseline group, the RNA sample was extracted from each mouse (n = 4).
The isolated RNA was quantified by measuring the absorbance at 260 nm, and the purity was determined by the 260-nm/280-nm absorbance ratio. Only samples with a ratio of > 1.8 were used. Total RNA was reverse transcribed by avian myeloblastosis virus (AMV) reverse transcriptase (TAKARA BIO, Inc., Shiga, Japan) at 42 • C for 30 min and 95 • C for 5 min. Real-time PCR was performed using TOYOBO SYBR Green PCR Master Mix (TOYOBO, Osaka, Japan) in a Real-time qPCR system(Stratagene Mx3000P, Agilent Technologies, Tokyo, Japan). The primer sequences for the genes encoding cytokines and chemokines were as follows: Tnf-(Forward:
Reverse: 5 ′ -TCTCCGTTACTTGGGGACAC-3 ′ ), and Cxcl2 (Forward: 5 ′ -AAAATCATCCAAAAGATACTGAACAA-3 ′ ; Reverse: 5 ′ -CTTTGGTTCTTCCGTTGAGG-3 ′ ). The gene encoding glyceraldehde-3-phosphate dehydrogenase (Gapdh) was used as an internal control. The amplification conditions were as follows: 40 cycles at 95 • C (10 s), 64 • C (10 s), and 72 • C (15 s). The mRNA levels were calculated in terms of the relative copy number ratio of each mRNA to that of Gapdh for each sample.
Histopathological analysis
Specimens were embedded in paraffin, in a buccal-lingual orientation. Serial frontal sections (4-m thick) from the mesial buccal root of the first molar to the distal buccal root were cut parallel to the long axis of the teeth (sagittal). The paraffinembedded sections were stained with hematoxylin and eosin or other stains, as described below.
Immunohistochemical labeling was performed with primary antibodies that permitted the detection of neutrophils in periodontal tissue. Approximately 10 sections per tooth specimen were stained for each primary antibody, which included an antibody against neutrophil elastase (neutrophil marker) (sc-71674, Santa Cruz Biotechnology, Dallas, TX) or an IgGmatched isotype control. No primary antibody controls were performed for each antibody of interest. The number of neutrophil elastase + (neutrophil) cells per unit area (100 m × 100 m each) of PCT and JE were enumerated at a magnification of × 400. 15 Immunofluorescence labeling was performed to evaluate the number of CD3-e, CD4, and CD8 positive cells in JE and PCT using Armenian hamster monoclonal antibody (sc-18871, Santa Cruz Biotechnology), rat monoclonal antibody 
Statistical analysis
Data are presented as the mean ± standard deviation. For the group comparisons, a two-way ANOVA followed by Bonferroni method was performed using a statistical software package (SPSS version 22.0, IBM, Tokyo, Japan). A p value of less than 0.05 was considered statistically significant.
RESULTS
CD3 + CD4 + cells and CD3 + CD8 + cells were located within the JE and PCT in both GF and SPF mice ( Figure 1A ). In the SPF mice, the number of CD3 + CD4 + cells in the periodontal tissue at 3 hours after LPS application was significantly higher than that at baseline (p < 0.05) ( Figure 1B) . At baseline and at 3 hours after LPS application, the numbers of CD3 + CD4 + cells in SPF mice were significantly higher than those in GF mice. Further, there was no significant difference in the numbers of CD3 + CD4 + cells when comparing between the baseline and each time point after LPS application in GF mice. On the other hand, there was no significant difference in the numbers of CD3 + CD8 + cells between the time points among GF and SPF mice ( Figure 1C) .
The flow cytometric analysis of peripheral blood showed that the number of CD4 + T cells in GF mice was significantly lower than that in SPF mice at baseline (p < 0.05) ( Table 1) . Notably, comparisons between the values at baseline and 3 hours after LPS application revealed significant
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The periodontal mRNA abundance of Cxcl1 and Cxcl2 transcripts were determined by real-time quantitative PCR; values were normalized against those of Gapdh mRNA (A). The numbers of neutrophils (black arrowheads) in the area around the JE and PCT were counted (scale bar, 100 m) (B, C). Data are expressed as the mean ± SD for 4 samples in the baseline group or 3 pooled samples (of 2 mice each) in the three experimental groups. *p < 0.05 differences in the numbers of CD4 + T cells in SPF mice (p < 0.05), but not in GF mice. Further, both at baseline and at 3 hours after LPS application, the CD4/CD8 ratios differed significantly in GF mice and in SPF mice (p < 0.05).
In both GF and SPF mice, the mRNA expression of Cxcl1 and Cxcl2 was increased at 3 hours after LPS application (p < 0.05) compared with the baseline levels ( Figure 2A) . Interestingly, the mRNA expression of Cxcl2 at 3 hours after LPS application in the GF mice was significantly higher than that in SPF mice at the same time point (p < 0.05).
The numbers of neutrophils in the periodontal tissue were significantly greater in the SPF mice than those in GF mice at each time point ( Figure 2B ) (p < 0.05). The number of neutrophils peaked at 24 hours in both GF and SPF mice ( Figure 2B, 2C) .
The mRNA expression of Tnf-, Il-17a, Il-10, and Foxp3 at 3 hours after LPS application in the SPF mice was significantly higher than the respective levels in the GF mice at the same time point (p < 0.05) ( Figure 3A to 3D) . Further, only in the SPF mice, the mRNA expressions of Tnf-and Foxp3 at 3 hours were significantly higher than those at baseline (p < 0.05) ( Figure 3B ).
DISCUSSION
In this study, we compared the immune response in periodontal tissues of SPF and GF mice. Compared with the baseline level, the number of CD4 + T (CD3 + CD4 + ) cells in the periodontal tissue in the SPF mice was increased at 3 hours after LPS application. At 3 hours after LPS application, the levels of mRNA encoding Tnf-and Foxp3 in the periodontal tissue of SPF mice were also significantly higher than those in GF mice. These results indicated that LPS application induced immune responses in SPF mice. On the other hand, the periodontal tissue in the GF mice did not show any changes in the number of CD4 + T cells throughout the study interval. The differences in immune responses between the SPF mice and the GF mice are known to result from the presence or the absence of commensal flora. 22 Presumably, the commensal flora in our SPF mice facilitated the development, in the periodontal tissue, of immune responses against LPS.
At baseline, the number of CD4 + T cells in the periodontal tissue was markedly lower in GF mice than in SPF mice. Commensal flora are known to be involved in the development of CD4 + T cells. 2, 6 The present findings at baseline suggest that commensal flora contribute to the development of CD4 + T cells in the periodontal tissue during the first 8 weeks of life.
In the SPF mice, the number of CD4 + T cells in peripheral blood significantly decreased at 3 hours after LPS application compared with that at baseline. On the other hand, in the PCT, the number of CD4 + T cells significantly increased at 3 hours compared with that at baseline. A previous study showed that effector and effector memory T cells can migrate from circulation to the target tissues during the immune response. 23 One possible explanation for the kinetic differences in CD4 +
F I G U R E 3
The expression of mRNAs related to inflammation in gingival tissue was assessed by real-time quantitative PCR. The periodontal mRNA abundance of Tnf-(A), Il-17a (B), Foxp3 (C), and Il-10 (D) transcripts were determined by real-time PCR (normalized against GAPDH mRNA). Data are expressed as the mean ± SD for 4 samples in the baseline group or 3 pooled samples (of 2 mice each) in the three experimental groups. * p < 0.05 T cells between peripheral blood and periodontal tissue at 3 hours after LPS application is that, after control by dendric cells, 24 the CD4 + T cells in peripheral blood might migrate to the periodontal tissue. However, further studies will be needed to clarify this point because we did not investigate the proportion of naïve, effector, and effector memory T cells in the peripheral blood at baseline and after LPS application.
On the other hand, there were no significant differences in the number of CD8 + T (CD3 + CD8 + ) cells between the SPF and the GF mice throughout the study interval. A previous study reported that commensal flora induce the development of CD4 + T cells, but not the development of CD8 + T cells, in splenic lymphocytes. 25 Similarly, the results of the present study suggested that commensal flora affect the kinetics of CD4 + T cells, but not that of CD8 + T cells, in the periodontal tissue. The reasons for this distinction are unknown, but the present findings suggest that commensal flora have only small effects on CD8 + T cells and related immune responses.
In the present study, LPS application caused neutrophil infiltration into the periodontal tissue, with neutrophil numbers peaking at 24 hours and expression of the two chemokine-encoding genes (Cxcl1 and Cxcl2) peaking at 3 hours in the periodontium of both GF and SPF mice. Interestingly, the increase in the number of neutrophils in periodontal tissue after LPS application in SPF mice was similar to that seen in GF mice. This observation suggested that neutrophil recruitment after LPS application occurs both in the periodontal tissue colonized by diverse microbes (bacterium, archaeon, fungus, protozoan, virus) and in microbe-free periodontal tissue. Therefore, it appears that the function of innate immunity via PRRs (TLR2/4) may not be affected by the presence of commensal flora, and that neutrophil recruitment can occur independently of prior commensal colonization.
On the other hand, the periodontal tissue in GF mice contained less number of neutrophils at all time points examined than that in SPF mice. The finding suggests that GF mice have defects in innate immune response. In the absence of any microbes, the periodontal tissue in GF mice may be populated with decreased numbers of dendric cells and macrophages that are the major cells producing cytokines and chemokines.
The mRNA expression of Cxcl2 at 3 hours after LPS application in the GF mice was significantly higher than that in SPF mice. A previous study showed expression of Cxcl2 was significantly blunted in response to bacterial stimulation in intestinal epithelial cells from conventional mice more compared with those from GF mice and suggested that LPS tolerance was induced upon acquisition of microbiota. 26 This speculation supports our findings. However, the details remain unclear.
In the present study, we only investigated the mRNA expressions of Cxcl1 and Cxcl2 in periodontal tissues. Previous studies reported that CXCL2 protein levels in the JE of SPF mice were significantly higher than those in GF mice at baseline. 17, 27 However, in the present work we found that there was no significant difference in the mRNA expressions of Cxcl1 and Cxcl2 at baseline between the SPF and the GF mice (IQI/JIC mice, age of 8 weeks). This inconsistency may reflect differences in the strains (IQI/JIC or C57BL/6) and ages of the mice (8 weeks or 12 weeks) used in these studies, but the details remain unclear.
Further, we found that one-shot LPS application caused a transient increase in the mRNA expressions of Cxcl1 and Cxcl2. However, effects on the expression of protein may not be the same as those on the expression of RNA at the respective time. A previous study reported that, after LPS application, mRNA expression of Cxcl1 in bone marrowderived macrophages increased transiently before the increase in expression of the corresponding protein; mRNA levels then diminished during subsequent hours, in contrast to the accumulation of the corresponding protein. 28 There were some limitations to this study. First, the study design did not test the effect of the repeated application of LPS. We postulated that a single application of LPS would be sufficient to initiate an acute change representative of periodontal disease. Long-term studies with repeated application of LPS may be required to investigate further details of the effects of commensal flora on periodontal host immune responses. Second, investigations of other immune cells and inflammatory cytokines also will be needed to clarify the mechanisms of periodontal immune responses required to maintain periodontal health. Third, we did not include sham control animals, for example, mice in which equivalent volumes of vehicle (physiological saline) were applied via micropipette. However, we did confirm, in preliminary experiments (data not shown), that insertion of the micropipette tip did not alter the inflammatory-immune cell response within the periodontal tissues. Finally, we did not identify pure CD3 + CD4 + cells and CD3 + CD8 + cells in blood analysis, and did not assess the potential for LPS-mediated clonal expansion/functional differentiation of antigen-specific CD4 + T cells and/or CD8 + T cells. Further, numerous genetic and environmental factors can modulate the CD4 + /CD8 + ratio in health and homeostasis. Thus, our results, though suggestive, should be interpreted with caution.
CONCLUSION
LPS-exposed SPF mice exhibited increases in the number of CD4 + T cells and in Tnf-and Foxp3 gene expressions in periodontal tissue compared to LPS-exposed GF mice.
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